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where the parameters µ D,F multiply the two independent SU (3) invariants, m N is the nucleon mass, and
is the charge matrix for the three light quarks u, d and s. Calculation of the magnetic moments beyond tree approximation is possible in chiral perturbation theory [2] . The leading corrections which occur at one loop have a non-analytic dependence on the light quark masses of the form m The chiral Lagrangian for baryon fields depends on the pseudoscalar pion octet
which couples to the baryon matter fields through the vector and axial vector combinations
where
and f ≈ 93 MeV is the pion decay constant. Under SU (3) L × SU (3) R chiral symmetry,
where U is defined by the transformation of ξ, and B and T µ denote the baryon octet and decuplet fields, respectively. A consistent chiral derivative expansion for baryon fields [7] can be written in terms of velocity-dependent baryon fields,
where m B is the SU (3) invariant mass of the octet baryon multiplet. The lowest order chiral Lagrangian for octet and decuplet baryons is
where the decuplet-octet mass difference δ = m T − m B , and m T is the SU (3) invariant mass of the baryon decuplet. The vector combination of pion fields appears in Eq. (8) through the covariant derivatives
The axial vector pion couplings are described by four coupling constants D, F, C and H.
The octet and decuplet baryon propagators obtained from this Lagrangian are i/(v · k) and iP
, where
is a polarization projector for the spin-3/2 Rarita-Schwinger decuplet field. The decuplet field satisfies the constraint v · T = 0.
The calculation of the baryon magnetic moments involves electromagnetic couplings.
Electromagnetism is incorporated into Lagrangian (8) by making the following substitutions,
and
where A µ is the photon field. The octet baryon magnetic moment Lagrangian is given in Eq. (1); the full chiral structure of the operator is given by the replacement
The one loop corrections also involve the decuplet magnetic moment and the decupletoctet transition magnetic moment. There is only one SU (3) invariant in the tensor product 10 ⊗ 10 ⊗ 8, which can be chosen to be proportional to the charge, so the decuplet magnetic moment operator can be written in the form
where q i is the charge of the ı th element of the decuplet, and the operator is normalized so that the magnetic moment of the ı th state is q i µ C nuclear magnetons. The measured value of the Ω − magnetic moment [12] determines µ C = 1.94 ± 0.22. The octet-decuplet transition magnetic moment operator has the form [13]
where i, j, k, l, m are SU ( 
where α i are the tree-level predictions derived from Lagrangian (1), β and is chosen to be µ ∼ 1 GeV. The chiral coefficients α i , β
, and λ terms is comparable to the kaon contribution, and cannot be neglected. The pion mass is not large compared with the ∆ − N mass difference δ, so the full dependence of the Feynman graph on the ratio δ/M π must be retained. This dependence is described by the function F (M X , δ, µ), which is given explicitly in the appendix. The function F is normalized so that F (M X , 0, µ) = M X . The dependence of F on the renormalization scale µ is of the form δ ln µ 2 . The µ dependence of the β terms in Eq. (16) is compensated by the µ dependence of the m q independent α terms. 2 The µ dependence of the m q ln m q terms in Eq. (16) is canceled by the µ dependence of local counterterms. These counterterms are the most general invariants that can be constructed out of B, B, M and QF µν which are linearly independent and preserve parity and time-reversal invariance,
1 There are also graphs which involve the BBπA µ vertex arising from the Q terms in Eq. (11).
These graphs do not contribute to the magnetic moments. 2 The µ dependence of the β terms can only be absorbed into the α terms if the δ dependence of both the pion and kaon loops is retained, since δ is an SU (3) singlet mass parameter. The mass difference δ also affects the m q ln m q terms in Eq. (16) . However, for these terms, the pion loop contributions are negligible relative to the kaon and eta contributions, so we have chosen not to compute the analogous function, and have combined the octet and decuplet contributions into a single coefficient. 
where the relations are written so that all terms in a given relation have the same sign. The q ), irrespective of the baryon-pion axial coupling constants. These relations, linear combinations of the six relations of Eq. (18) valid at tree level, were noted by Caldi and Pagels [2] and are also valid when decuplet graphs are included:
.40 ± 0.14 = −3.16 ± 0.01).
The experimental values are shown in parentheses. These relations are in good agreement with experiment, and work much better than the tree level relations Eq. (18). The remaining three relations are predictions for the deviation from any three of the Coleman-Glashow relations, e.g.
The numerical values in Eq. (20) corrections has an average deviation of 0.8 nuclear magnetons, which is more than three times larger than the tree level fit.
Naively, one might conclude that the reason for this failure is that the K mass is too large for chiral perturbation theory to be valid and K meson loops should be omitted,
or that intermediate decuplet states should not be included in chiral perturbation theory.
Neither of these two conclusions is substantiated by the data. One can repeat the fit using Eq. (16) without including the decuplet contributions and the fit to experiment is still much worse than the tree level fit, the average deviation from experiment being 0.7 nuclear magnetons. One can also repeat the fits dropping the K loops completely and retaining only the pion loops; the average deviation from experiment is 0.7 nuclear magnetons if the decuplet is included, and 0.6 nuclear magnetons if it is omitted. All of these fits are much worse than the tree level fit, which has neither pion nor kaon loops.
The pion mass is small enough that chiral perturbation theory in the pion mass is valid, so there is no theoretical reason why pion loops should be dropped from the calculation.
Pion loop contributions alone are in serious disagreement with experiment.
We believe that the reason for the disagreement is that the formula Eq. (16) overestimates the size of kaon loops. The suppression of kaon loops in chiral perturbation theory has been discussed before by Gasser and Leutwyler [4] . They have suggested a method for evaluating loop graphs that suppresses kaon loops, which they call improved chiral perturbation theory (ICPT). There is some empirical evidence that kaon loops are suppressed. Loop corrections to the baryon masses and hyperon non-leptonic decays [8] work well if the one-loop corrected values for the axial vector coupling constants [7] (which are smaller than the tree level values) are used. A similar result is found for the nucleon polarizability [10] . The one-loop couplings D, F , and C are proportional to, but smaller than, their tree level values. Another well known effect which also suppresses kaon loops is that f K = 1. 
which agrees well with experiment. In addition to the relations of Eqs. (18)- (21), there is also the SU (2) relation
which cannot be tested because the Σ 0 magnetic moment has not been measured.
In conclusion, we have calculated the nonanalytic contributions proportional to m 
for the graphs with kaon loops. The function F (M, δ, µ) is
The wavefunction renormalization coefficients are SU (2) 
